Abstract-Many ultrasonic parameters, primarily related to attenuation and scatterer size, have been used to characterize the composition of atherosclerotic plaque tissue. In this study, we combine elastographic (axial strain ratio) and ultrasonic tissue characterization parameters, namely the attenuation coefficient and a scattering parameter associated with an "equivalent" scatterer size to delineate between fibrous, calcified, and lipidic plaque tissue. We present results obtained from 44 ex vivo atherosclerotic plaque specimens obtained after carotid endarterectomy on human patients. Our results in the frequency range 2.5ϳ7.5 MHz indicate that softer plaques (with higher values of the strain ratio) are usually associated with larger equivalent scatterer size estimates (200 ϳ500 m) and lower values of the attenuation coefficient slope (<1 dB/cm/MHz). On the other hand, stiffer plaques (with lower strain ratio values) are associated with smaller equivalent scatterer size estimates (100 ϳ200 m) and higher values of the attenuation coefficient slope (1ϳ3 dB/cm/MHz). These results indicate that ultrasonic tissue characterization and strain parameters have the potential to differentiate between different plaque types. These parameters can be estimated from radio-frequency data acquired under in vivo conditions and may help the clinician decide on appropriate interventional techniques.
INTRODUCTION
Atherosclerotic disease in the carotid artery is a particular subset of the larger systemic disease of atherosclerosis in the arteries that invariably affects all organ function. Atherosclerotic plaques are not randomly distributed in vessel walls and many studies have suggested that symptomatically sensitive areas such as the coronary and carotid arteries and the descending aorta have a stereotypic pattern of plaque development (Avril et al. 1991; Park et al. 1998; Rothwell et al. 2000; Schulz and Rothwell 2003) . Cholesterol deposition, extravasation of inflammatory cells, smooth muscle cell proliferation, proliferation of connective tissue as well as calcification are factors that are involved in the formation of atherosclerotic plaque (Ross et al. 1984; Hanke et al. 2001 ).
Features associated with vulnerable plaque prone to rupture include surface ulcerations, inflammation, presence of a thin fibrous cap over the lipid core and the presence of intra plaque hemorrhage and new vessel formation (Davies et al. 1993; Türeyen et al. 2006) . Studies have suggested that a consistent increase in atherosclerosis is seen with age. These changes may be studied by such noninvasive testing as the ultrasonic analysis of plaque at the carotid arteries (Brook et al. 1990; Dempsey et al. 1990; Riley et al. 1992; Fisher et al. 1993; Tegos et al. 2001; Grant et al. 2003; Nicolaides et al. 2003) . Ultrasound examination using either an external transducer or intravascular ultrasound (IVUS) generally reveals the vessel wall geometry, presence/absence of plaque, vessel remodeling, plaque burden and percent stenosis (Fayad and Fuster 2000; de Korte et al. 2000 , Yuan et al. 2002 Warburton and Gillard 2006) . Plaque imaging with ultrasound mainly identifies fibrous and calcified plaques, while the composition of lipid and mixed plaques are rarely identified (Fayad and Fuster 2000; de Korte et al. 2000; Nissen and Yock 2001; Yuan et al. 2002) .
A large number of ultrasonic tissue characterization (UTC) methods have been studied for atherosclerotic plaque characterization and differentiation. Most can be classified into one of two categories, namely analysis of ultrasound B-mode images or analysis of ultrasound radio-frequency signals. Analysis of B-mode images may include visual evaluation of plaque morphology, as presented by image brightness and heterogeneity (Bluth 1997; Gronholdt et al. 1997 Gronholdt et al. , 1998 , quantitative analysis of the pixel intensity distributions (Lal et al. 2002) , image texture analysis ) and computation of median gray-scale values (Kofoed et al. 2001) . Lal et al. (2002) analyzed pixel intensity distributions on in vivo B-mode images of arteries of volunteers and patients. For their equipment and settings, the median gray-scale intensity (range) in control subjects was 2 (0 to 4) for blood, 12 (8 to 26) for lipid, 53 (41 to 76) for muscle, 172 (112 to 196) for fibrous tissue and 221 (211 to 255) for calcified tissue. With these grayscale intensity values, they were able to predict intraplaque hemorrhage, lipid, fibromuscular tissue, calcium, and so on, using pixel intensity analysis. Classification using these values exhibit correspondence with histological results in both symptomatic and asymptomatic patients. Wilhjelm et al. (1998) utilized in vivo B-mode image datasets for both training and testing to classify carotid plaque based on their mean echogenicity and second order gray-level co-occurrence matrix values and histology. They report that the comparison of the soft material volume obtained using histology with B-mode images had a correlation coefficient value of Ϫ0.42 for the mean echogenicity of the plaque region, while the best correlation coefficient of Ϫ0.5 was obtained for a second order feature identified as the contrast. A drawback of approaches based on B-mode image analysis is that they depend on ultrasound system settings, such as, image compression, TGC and so on.
UTC methods involving analysis of the normalized power spectrum of radio-frequency (RF) echo signals are based on the principle that disease processes often modify scattering properties of tissues (Campbell and Waag 1983; Lizzi et al. 1983 ). Researchers investigating techniques for detecting vascular disease have computed the ultrasonic attenuation, integrated backscatter (IBC) (Bridal et al. 1997 ) and other scattering parameters such as the slope, midband fit (MBF) and the zero frequency intercept of power spectra of the RF echo signals (Noritomi et al. 1997; Waters et al. 2003 ), all measured under ex vivo conditions. Bridal et al. (1997) correlated ultrasonic attenuation at frequencies ranging from 30 to 50 MHz with different plaque types, concluding that attenuation is significantly higher in collagen-lipid and lipidic regions than in dense collagen region and normal media, while the attenuation coefficient in calcified region is the highest. Wilson et al. (1994) computed changes in the attenuation rate with frequency (i.e, attenuation slope), reporting differentiation between normal vessel wall and fibrous plaque using this parameter. Measurements were performed on ex vivo femoral and iliac artery segments examined with 20 MHz intravascular ultrasound. They reported that regions identified as degenerative plaque in histological assessments corresponded to regions with high values of the attenuation slope. Spencer et al. (1997) , using a normalized power spectrum applied to 30 MHz IVUS data on ex vivo coronary arteries, showed that the maximum power and spectral slope parameters provided significant discrimination between fibrotic and dense fibrotic tissue and between fibrotic and calcified plaque as shown by comparisons with corresponding histology samples. Nair et al. (2001 Nair et al. ( , 2002 utilized autoregressive power spectral analysis on IVUS data to classify atherosclerotic plaque composition. Nair et al. (2002) report on an analysis performed on 88 plaque specimens from 51 left anterior descending coronary arteries that were imaged ex vivo using 30 MHz IVUS transducers. For fibrous, fibrolipidic, calcified and calcified-necrotic regions identified using histological analysis, their autoregressive classification scheme provided accuracies of 79.7%, 81.2%, 92.8% and 85.5% with the testing data set. Sano et al. (2006) analyzed in vivo IVUS data collected using a 40 MHz IVUS catheter on coronary plaques. Their results suggest that IBC may be able to differentiate between vulnerable and stable plaques. Waters et al. (2003) reported that IBC and MBF parameters provided good agreement with ex vivo plaque composition determined from histology images. Their measurements were performed on fixed carotid endarterectomy plaque specimens using a clinical Philips HDI 5000 system with a linear array transducer operating at a center frequency of 7.5-MHz, and with a 6 dB bandwidth between 5 to 9 MHz. Waki et al. (2003) correlated histological results with in vivo IBC values, where a low value at the plaque interface suggests a thin fibrous cap, which is frequently associated with unstable plaque. They processed RF data obtained by scanning the carotid artery of patients and volunteers using a SONOS 5500 system (Phillips Medical Systems, Bothell, WA) and a 7.5 MHz linear-array transducer. Histological results were obtained from ex vivo plaque obtained after carotid endarterectomy.
In addition to UTC parameters, the elastic or strain distribution in plaque may also provide significant new information (de Korte et al. 1998 (de Korte et al. , 2000 . de Korte et al. (1998) Schaar et al. (2003) have also evaluated plaque using "intravascular palpography", which assesses the local mechanical properties using the deformation caused by intraluminal pressure variations. Tajaddini et al. (2003) evaluated the stress-strain behavior by simultaneously changing arterial pressure and acquiring IVUS images. In vivo pressure measurements (maximum and minimum) obtained at each cardiac cycle were matched to IVUS images over which vascular cross-sectional areas of the lumen and lesion were calculated. The midwall circumferential stress and mid-wall strain calculated from the minimum lumen vascular cross-sectional area value were then compared. Baldewsing et al. (2006) reconstructed the Young's modulus of vulnerable atherosclerotic plaque components using a parametric plaque model and a deformable curve technique. Ryan and Foster (1997) developed a technique based on speckle tracking on B-mode video signals to estimate strain. Although less noise sensitive and more broadly applicable than RF analysis, since video signals are available on commercial scanners, it provides lower resolution and lower sensitivity for small strain. In their simulated results, they report an average tracking error for a displacement of 100 m being 5.5 m along the axial and 31.7 m along the lateral direction. Maurice et al. (2005) characterized superficial arteries, with elastography using an adaptive Lagrangian speckle model estimator to measure displacements with the carotid artery scanned at 40 MHz.
In this article, we report on ex vivo carotid plaque characterization using both UTC and axial strain parameters on the same region-of-interest in plaque tissue. Most of the previous studies have investigated either the UTC or elastographic properties only and some utilize single element transducers or high frequency IVUS transducers. Here, a clinical linear array transducer (VFX-9-4) was used for data acquisition using a Siemens Antares SONOLINE real-time scanner (Siemens Medical Solutions, Inc., Issaquah, WA). The Methods and Materials section describes the preparation of samples for ex vivo data acquisition. It also provides an overview of the pulse-echo techniques for the estimation of the frequency dependent attenuation, an "equivalent" scatterer size parameter, and the computation of a "strainratio" parameter. The Experimental Results and Discussion sections report and interpret our findings. Finally, the contributions of this work are summarized in the Conclusion section.
MATERIALS AND METHODS

Tissue preparation
Plaque tissues were obtained from 44 patients who underwent carotid endarterectomy procedures at the UW-Hospitals and Clinics (UWHC). Endarterectomy refers to the surgical removal of plaque from an artery that has become stenosed or blocked. This analysis was conducted under a UWHC Health Sciences Institutional Review Board (IRB) approved protocol. Informed consent was obtained from all patients whose excised plaque specimen were used in this study. Each surgically excised plaque specimen was cut into a longitudinal segment which was placed in 0.9% saline solution for ultrasonic tissue characterization and strain imaging analysis. Plaque segment sizes obtained varied for different patients. For an average specimen, the length was about 1ϳ2 cm with a width and thickness of about 0.5 cm.
To perform UTC and axial strain measurements, we embedded each plaque segment inside a TM gelatin phantom as illustrated in Fig. 1 . First, a transparent plexiglass cubical mold with inner dimension 7 ϫ 7 ϫ 7 cm was constructed. A Saran layer was glued to the bottom of the mold. Background gel materials were prepared using 200-bloom calfskin gelatin (Vyse Gelatin Company, Schiller Park, IL, USA) at a concentration of 15.4 grams per liter of distilled water. The gelatin powder was mixed with distilled water and cooked in a double heated water bath until the gelatin clarified at temperatures around 80°C. After the gelatin solution clarified, glass beads (Potters Industries, Inc., Parsippany, NJ, USA) with a mean diameter of 18 m were added at a concentration of 1 gm of beads/liter of gelatin solution. The mass density of the glass beads is 2.54g/ cm 3 , with a Young's Modulus of 10.5 ϫ 10 6 psi. The beads provide Raleigh scattering from the background material. The glass beads were mixed with warm distilled water and stirred carefully into the molten gelatin. Molten gelatin was then poured into the plexiglass mold. First, a layer of molten gelatin about 3.5 cm thick was poured at a temperature of 29°C. This layer was allowed to congeal for a few min, following which the plaque sample was placed on the gelatin layer. At this stage, the surface was strong enough to hold the plaque segment and not allow the specimen to sink down to the bottom of the cube. The mold was then filled with molten gelatin at 29°C and the entire phantom was allowed to congeal for an hour. The gel-filled molds were then refrigerated for 2 h at a temperature of about 4°C.
The gelatin cube with the embedded plaque was then removed from the plexiglass mold by peeling the Saran layer on the bottom surface of the mold and gently sliding the gelatin block out of the mold. Prior to imaging the phantom, it was brought to room temperature (ϳ20°C). The bonding between gelatin and plaque segment is strong enough to prevent any sliding or shifting between the plaque specimen and gelatin even with the application of external pressure on the top of the gelatin phantom. Several researchers have demonstrated that plaque properties, such as speed of sound, attenuation and level of backscatter (Gussenhoven et al. 1989; Lockwood et al. 1991) , as well as elasticity (Schaar et al. 2002) do not change significantly when samples undergo freezing.
The gelatin blocks with the embedded plaque specimens were imaged using a Siemens SONOLINE TM Antares (Siemens Medical Solutions USA, Inc., Ultrasound Division, Mountain View, CA, USA) clinical ultrasound scanner using the VFX 9-4 linear array transducer. Ultrasound radiofrequency data were collected using the Axius Direct TM ultrasound research interface on the Antares. Pre and post-deformation radio-frequency signals for strain imaging were obtained by deforming the gelatin phantom using a computer controlled stepper motor deformation system. The sampling rate of the system was 40MHz, and the highest acoustic scan line density setting was used, i.e., 508 lines for the effective transducer array width of 38 mm, providing a l beam line separation of 0.075 mm. The transmit focus was set to a depth just below the specimen. External time gain compensation (TGC) was not used for the measurements.
Power spectra to perform the spectral analysis for attenuation and scatterer size estimations were calculated using short-time Fourier Transform (STFT) analysis of Hanning gated 128-point data segments overlapped by 50%. Three segments were utilized along the axial direction, with a 50% overlap, which corresponds to 256 data points along the axial direction (6.4 s or 4.9 mm). For computation of power spectra, STFT were obtained for 20 consecutive A-lines (1.5 mm) (i.e., 60 STFT were averaged).
Parameter estimation
A brief description of UTC and strain parameters applied to characterize ex vivo plaque tissue is described in this section.
Ex vivo attenuation coefficient estimation for plaque samples
The acoustical properties of plaque samples were measured with specimens embedded in the gelatin back- ground as shown in Fig. 1 . Attenuation properties were obtained using a method based on a reference phantom technique (Yao et al. 1990 ). It utilizes the difference in the acoustic power of echo signals originating from the gelatin background below the sample, with and without the sample in place. This method referred to as the "power difference method" provides an accurate estimation of the attenuation coefficient values in ex vivo specimens ). The schematic diagram in Fig. 1 shows a plaque specimen embedded within a uniform gelatin phantom. Echo signals are recorded from the gelatin background at a depth of d(x 0 ) ϩ t(x 0 ) where d(x 0 ) is the distance to the plaque surface and t(x 0 ) is the local thickness of the specimen at lateral position x 0 . Reference echo signals also are recorded from the gelatin background at the same depth but from an area where the beam does not pass through the sample. The ratio of the power spectra of the echo signals derived for these two paths is given by ):
where BSC 1 ͑͒ and BSC 2 ͑͒ denote the frequency dependent backscatter coefficients (BSC) of the regions and L is the length of the data segment. T and T' denote the transmission coefficients at the top and bottom surface of the plaque, and are usually independent of the frequency. For attenuation measurements, note from Fig.  1 , that the power spectra S 1 and S 2 are both calculated in the background gelatin phantom. Therefore, BSC 1 ͑͒ and BSC 2 ͑͒ are the same. Attenuation measurements are obtained for various paths, designated by positions of A-lines corresponding to pulse-echo beam lines from a linear array transducer. ␣ r ͑,x 0 ͒ is the frequency dependent attenuation coefficient for background gelatin along the x 0 th A-line when the transducer is not imaging the plaque, and ␣ s ͑,x 0 ͒ is the frequency dependent attenuation coefficient for the plaque along the same A-line.
Within the frequency range of 2.5-7.5 MHz used in our study, we assume a linear dependence on frequency of the attenuation coefficient (Bridal et al. 1997; Raju and Srinivasan 2001) . The linear dependence assumed is of the form: ␣͑f͒ ϭ ␤·f ϩ c , where ␤ is the attenuation coefficient slope and c is a constant. Equation 1 can be written as:
where C denotes a term that contains all terms independent of the frequency. We estimate the frequency dependence of the attenuation coefficient slope ␤ s ͑x͒ to the form y ϭ af ϩ b , where a is the slope in units of nepers/MHz. Multiplication by a factor of 8.686 converts the units to dB/MHz. Therefore, the attenuation coefficient slope for the plaque sample or specimen can be computed using:
Ex vivo estimation of an "equivalent" scatterer size parameter For estimation of scatterer size we first have to obtain reliable measurements of the frequency dependence of the BSC within the plaque material. Following eqn 1, if the attenuation coefficient of the plaque sample ␣ s (), and the reference attenuation and backscatter coefficient ␣ r (), BSC r (), are known, then we will be able to calculate the backscatter coefficient for the plaque specimen as:
where S s (,z) and S r (,z) denote the power spectra computed for the plaque sample and the reference gelatin, both calculated at depth z of the sample. After the sample backscatter coefficient BSC s () is estimated for a small volume of tissue, a scatterer size is estimated using the minimum average of squared difference (MASD) method proposed by , i.e.:
where â is the value of the argument a i which minimizes the MASD over the frequency bandwidth. min and max denote the lower and upper bound of the bandwidth.
Equation 6 represents the cost function to calculate the difference between the measured sample backscatter coefficient, BŜC s ͑͒ and a model backscatter coefficient BSC m ͑,a i ͒, and a i denotes the scatterer size.
Equation 7 gives the mean difference between the measured sample backscatter coefficient and the model backscatter coefficient over the frequency bandwidth, and n is (Faran 1951) can be utilized to calculate the differential scattering cross-section for scatterers in fluid-like medium. Backscatter coefficients at all values of ka can be calculated, where k is the wave number, and a denotes the scatterer radius. This theory also includes shear wave motion within the scatterers.
Although detailed properties of scatterers within our specimens are not known, we matched the backscatter vs. frequency data to an "equivalent glass bead scatterer size" computed using the Faran model. Figure 2 presents the BSC versus frequency curves that plot the quantity 10lnBSC͑f͒ vs. f, for several representative plaque samples. Also plotted are the best fit model curves obtained using Faran's scattering theory for glass bead spherical scatterers in a fluid medium. Experimental BSC curves provided a good match to the model curves obtained using Faran's scattering theory for glass bead scatterer diameters shown in Fig. 2a 68 m, Fig. 2b 153 m and Fig. 2c 288 m, respectively. Scattering particles in the plaque specimen consist of calcifications, collagen, elastic and reticular fibers, fibroblasts, cholesterol crystals and so on. Collagen fibers are typically 1-20 m (Junqueira et al. 1986), while elastic and reticular fibers are on the order of 0.5 m and 250 m (Rhodin 1975) , respectively. Deposits of calcium salts in the plaque vary in dimension from microscopic particles to clusters of mineralized calcifications (Wolf 2005) . However, these calcified particles are generally smaller than lipid or cholesterol crystals. The smaller equivalent scatterer size, therefore, observed in Fig. 2a may correspond to calcified plaque regions, while the larger equivalent scatterer sizes may correspond to lipid particles (Fig. 2c) in the plaque sample. Although the scattering particles in the plaque likely do not conform to the physical properties of the glass beads utilized in the Faran calculations, an equivalent glass bead scatterer size provides a means to classify the different frequency dependent behaviors seen from these specimens. Equivalent scatterer size estimates may not represent the actual underlying scat- terer size due to limitations on the knowledge of the physical properties of the scattering sites input into the Faran model utilized . However, the approach provides a means to parameterize the shape of the BSC versus frequency curves, as illustrated in Fig.  2 .
Ex vivo axial strain estimation
Axial strain is calculated from pre-and postcompression RF signals derived from the plaque samples. Consider consecutive segments of RF data (labeled the i th and (i ϩ 1) th segments), which are along a beam line and separated by distance ⌬Z. After a quasi-static compression, the i th segment of RF data is now at a distance d i , and the (i ϩ 1) th segment is at distance d iϩ1 . The local axial strain s i between the i th and (i ϩ 1) th segment can be calculated by:
Using this method, we calculated local axial strains along each acoustic scan line following the compression step. These were then converted to two-dimensional local strain images. Figures 3 and 4c correspond to two examples of axial strain images used in our study. For the gelatin cube, which had a height of 7cm, we applied a 0.7 mm compression, corresponding to a 1% strain in the background gelatin and plaque specimen. We utilized a two-step cross-correlation method for measuring tissue displacements following the applied compression (Chen et al. 2007 ). This method utilizes an initial correlation calculation applied to large gated segments to obtain coarse displacement estimates. These are then utilized to guide the placement of small gated segments, on the order of 1-2 wavelengths for high resolution axial strain estimation. We used a 1.5 mm segment with a 0.75 mm overlap for the first correlation step and 0.5 mm segments and 0.25 mm overlap for the second correlation step.
In our study, axial strain images were generated for plaque specimens by applying and measuring the resultant displacements throughout the field of view imaged by the linear array transducer. By embedding plaque specimens into the gelatin phantom, it was possible to provide a smooth surface for the application of the compression. Since the plaque specimens embedded in gelatin could be scanned under different conditions, such as room temperature, and precompression, the local axial strain estimates could have been affected by any of these factors. However, the background gelatin phantom is made of the same material for all the plaque specimens and, therefore, its elastic properties could be used as a standard to calibrate the local strain obtained in the plaque specimen. Therefore, we derived strain ratios computed from the ratio of the strain in the plaque specimen to that in the background gelatin region to obtain relative stiffness estimates of the plaque specimen. Figure 3 presents an example of the computation of the strain ratios for different areas within the plaque. The mean strain obtained within areas 1, 2 and the background gelatin region is used to calculate the strain ratio in the outer and inner plaque regions, respectively. This method enables computation of the strain ratio over small sections or regions-of-interest (ROI) in the axial strain image of the plaque specimen.
Strain Ratio Area
MeanStrain Gelatin (14) Figure 4 shows an example of the equivalent scatterer size and axial strain estimation from another plaque sample embedded in gel. Figure 4a presents the B-mode image, Fig. 4b shows the equivalent glass bead scatterer size image obtained by fitting the experimental BSC curves to the model BSC curves generated from Faran's scattering theory and Fig. 4c shows the axial strain image.
RESULTS
Ex vivo ultrasound radio-frequency data were obtained from plaque tissue surgically excised from 44 patients. From the data acquired on the 44 specimens, we were able to pick out 114 ROIs over which the three parameters (attenuation slope, equivalent scatterer size and strain ratio) were computed. The VFX9-4 transducer has a usable bandwidth after attenuation in the range 2.5ϳ7.5 MHz. Attenuation slope results obtained using the power difference methods have already been reported by Shi et al. (2007) . In this article, we report on the Fig. 3 . Computation of the strain ratio for an ex vivo plaque specimen embedded in a gelatin phantom.
equivalent scatterer size and axial strain imaging results, which are then compared with the attenuation slope estimated ). Figure 5 presents a plot of the attenuation slope versus the equivalent glass bead scatterer size estimated using Faran's scattering theory. Note that the attenuation slope for structures with larger scatterer sizes are usually low. For example, all plaque ROIs with equivalent scatterer sizes larger than 300 m have attenuation slopes that are no greater than 1.5 dB/cm/MHz. On the other hand, plaque ROIs with higher attenuation slopes are from ROIs with a smaller value of the equivalent scatterer size. These results indicate that ROIs with high attenuation slopes (which could represent calcified components in plaque) appear to have smaller scatterer sizes. These attenuation compensated results represent the first quantitative analysis of the equivalent scatterer size estimation for atherosclerotic plaque.
Most of the equivalent scatterer sizes for our specimens range from 50 m to 500 m, with many plaque samples indicating sizes around 150 m. The likely scattering sources are macrophages, old hemorrhage or clots, cell debris and calcium deposits (Rakebrandt et al. 2000; Fayad and Fuster 2001) . Plaque capsules comprised of collagen, muscle cells and so on, are likely to also contribute to the scattering observed. Since the entire specimen obtained was comprised of plaque tissue, the calculated equivalent scatterer size represents the composition of plaque rather than other surrounding tissue types or artery wall tissue.
The mean strain ratio and standard error of the strain ratio were also calculated over each of the 114 ROI from the 44 patients. If e 1 Ϯ⌬e 1 denotes the mean strain and standard error within the ROI, and e b Ϯ⌬e b denotes the mean strain and standard error of the background, then the strain ratio and its standard error can be calculated using the following expression Since the strain ratio and the attenuation coefficient slope are estimated over the same ROI, we can plot the strain ratio versus attenuation coefficient slope as shown in Fig. 6 . Observe from this figure that the strain ratio and estimated attenuation coefficient roughly appear to be inversely related. If we perform a linear fit of the strain ratio versus the attenuation coefficient as shown The correlation coefficient R obtained was 0.736. This plot illustrates that for ROIs with a small value of the attenuation coefficient slope the strain ratio is usually high, indicating that these ROIs include softer plaque material. On the other hand for ROIs with higher attenuation coefficient slope values, the strain ratio is low, indicating that these ROIs consist of stiffer or harder regions. Figure 7 presents a plot of strain ratio versus the equivalent scatterer size. A general trend in this plot is that the smaller sized scatterers correspond to regions having lower values of the strain ratio, although the correlation seems weak.
Finally, three-dimensional plots that compare the strain ratio, attenuation coefficient slope and the equivalent scatterer size parameters are shown in Fig. 8 . The scatterer size in Fig. 8a and Fig. 8b were calculated using Faran's scattering theory, where Fig. 8a and Fig. 8b represent the same plot but viewed at different angles.
Summarizing the results presented in Fig. 8 , we observe that regions with high strain ratios (related to softer plaques) are usually associated with larger equivalent scatterer sizes and smaller values of the attenuation coefficient slope. On the other hand, regions with low values of the strain ratio (representing stiffer plaque tissue) are usually associated with backscattering from scatterers with smaller equivalent scatterer sizes that possess larger attenuation coefficient slope values.
DISCUSSION
In this study, we compare three ultrasound tissue characterization parameters, namely, the attenuation coefficient versus frequency slope, an "equivalent scatterer size" and a strain ratio, to characterize ex vivo atherosclerotic carotid plaque samples. The strain ratio reflects measurement of the biomechanical properties of the plaque, which provides information on plaque elasticity. In addition, the strain ratio provides independent infor- mation from that obtained using UTC parameters. Attenuation coefficient slopes obtained using the power difference method range from 0.3ϳ5 dB/cm/MHz, with most of the plaque ROIs being in the range of 0.5 dB/cm/MHz ϳ3 dB/cm/MHz. This result is consistent with the results reported by Bridal et al. (2000) . Since the attenuation of the plaque specimens could affect the equivalent scatterer size estimation, we first compensate for the attenuation difference between the sample and reference before the estimation of the equivalent scatterer size. Oelze and O'Brien (2002) pointed out that overcompensation of the frequency dependent attenuation may cause an underestimation of the scatterer size. In our study, the attenuation difference ⌬␣(f) is calculated from the shadowed area beneath the plaque sample using the power difference method, and this is used to compensate for the attenuation in the normalized power spectrum. Although theoretically this is correct, the estimated ⌬␣(f) may include errors and fluctuations, which may cause equivalent scatterer size estimation errors. We have performed error propagation studies and evaluations on phantoms to ensure the accuracy of the equivalent scatterer size estimated.
Comparison of the attenuation compensated equivalent scatterer size and attenuation results for the same ROI demonstrate that larger equivalent scattering structures tend to have a lower value of the attenuation coefficient while smaller equivalent scatterers seem to possess higher values of the attenuation coefficient slope. Our results also indicate that all plaque ROIs with equivalent scatterer sizes larger than 300 m have attenuation coefficient slopes that are less than 2 dB/cm/MHz, and equivalent scatterer sizes less than 300 m usually corresponds to larger attenuation coefficient slopes (Ͼ1.5 dB/MHz/cm). Noritomi et al (1997) used photomicrographs of the plaque to show that fibrous plaque consists of parallel bundles of fibrocytes with intervening collagen deposits where the scatterers could be 100 m or longer, while lipid pool areas contain cholesterol crystals on the order of 100 m in length and 20 m wide. They also showed that thrombi with red blood cells have sizes around 20ϳ80 m in diameter. Similar results were also reported by Lee et al (1998) .
The strain ratio is utilized in this study to reduce errors, such as those caused by pre-compression variations and differences in the room temperature on different measurement days. The strain ratio results presented demonstrate a high correlation with the values of the attenuation coefficient slope estimated within the same ROI. Our results indicate that soft plaques have lower values of the attenuation coefficients, while hard or stiffer plaques possess higher attenuation coefficient slope values. We also show that ROIs with high values of the strain ratio (denoting softer plaques) correspond to larger equivalent scatterer size along with reduced values of the attenuation coefficient slope. On the other hand, ROIs with low values of the strain ratio regions (related to stiffer plaques) correspond to smaller scatterer sizes and large attenuation coefficient slope values.
Dimensions of the excised plaque segments vary widely for the patients studied. Plaque thickness is important, since samples that are too thin introduce larger errors in determining sample thickness necessary to compute the attenuation coefficient slope. In addition, they provide fewer data points for power spectral estimation, introducing errors in the computation of the equivalent scatterer size. Increased sample thickness, on the other hand, can introduce increased attenuation artifacts especially for calcified plaque, introducing uncertainties in the identification of the bottom surface of the plaque specimen. In addition, thicker specimens are usually inhomogeneous and contain several plaque components along the beam direction, while our estimations provide an average value of the attenuation coefficient slope and equivalent scatterer size. In addition to the measurement of the traditional UTC parameters, mechanical properties of plaque may also provide useful clinical information regarding plaque stability. With real-time strain imaging techniques being implemented into clinical ultrasound systems, this study could serve as a basis for further evaluation of atherosclerotic plaque in vivo.
Limitations of this work include the modeling of scatterers as spherical glass beads with their physical properties using Faran's scattering theory. Since the physical properties of glass beads may not fully describe the scattering from plaque tissue, it may introduce an unknown bias in the equivalent scatterer size estimates.
CONCLUSION
Our results indicate that the softer plaques (with higher strain ratio values) are usually associated with larger values of an equivalent scatterer size (200ϳ500 m) and smaller values of the attenuation coefficient slope (Ͻ1 dB/cm/MHz), while hard or stiffer plaques (with lower strain ratio values) usually are associated with smaller equivalent scatterer size (100 ϳ200 m) and higher values of the attenuation coefficient slope (1ϳ3 dB/cm/MHz). Calcified plaques generally are identified in the literature as those with higher attenuation coefficient slopes and smaller values of the strain ratio; while lipidic plaques composed of fat or lipid particles, have smaller attenuation coefficient slope values.
